Shc, a prototypic adapter molecule, has been implicated in T cell receptor (TCR) signal transduction, but its role has not been identified clearly. Here we report that Shc is essential for TCRinduced IL-2 production but is dispensable for CD69 or CD25 expression. Engagement of TCR in mutant Jurkat T cells lacking Shc fails to produce IL-2 because of impaired mitogen-activated protein kinase activation. Activation of c-Rel, a transcription factor essential for IL-2 expression, was impaired also. In contrast, activation of nuclear factor of activated T cell and expression of CD69͞CD25 were comparable between the mutant and wild-type Jurkat cells. These defects were rescued by expression of exogenous Shc. Activation of c-Rel using the estrogen receptor fusion protein restored the activation of the IL-2 promoter in an estrogendependent manner. These results show that Shc plays an essential role in the TCR-induced activation of c-Rel and the IL-2 promoter.
T
he T cell receptor (TCR) initiates signal transduction through the intracellular regions of the CD3 and molecules. Each of these molecules contains a sequence of (D͞ E)XXYXX(I͞L)X6-8YXX(I͞L), referred to as an immunoreceptor tyrosine-based activation motif (ITAM; refs. 1-3). Antigenic stimulation leads to phosphorylation of both tyrosines in ITAMs. A Src family tyrosine kinase, Lck, plays a major role in this phosphorylation process (4, 5) . When both tyrosines in a single motif are phosphorylated, ITAM forms a binding site for ZAP-70 and recruits this kinase from the cytoplasm (4, 6, 7) . After this recruitment, ZAP-70 gets activated and initiates the downstream signaling cascade (8, 9) .
LAT, a prominent 36-38-kDa tyrosine-phosphorylated protein present after TCR engagement, is a ZAP-70 substrate and plays critical roles in recruitment and activation of downstream signaling molecules such as phospholipase C␥-1 (PLC␥-1) and Gads͞Grb2 (10) (11) (12) (13) . LAT contains a transmembrane domain and palmitoylation sites (10, 14) . Palmitoylation is required for LAT localization into the glycolipid-enriched microdomains and for efficient tyrosine phosphorylation. Based on these results, a model was proposed whereby activated ZAP-70 phosphorylates LAT, leading to the subsequent recruitment of Grb2, PLC␥-1, and other signaling molecules to the glycolipid-enriched microdomains of the plasma membrane (15) . Such recruitment could lead to an increase in intracellular Ca 2ϩ and activation of Ras (16, 17) .
Shc, a prototypic adapter molecule (18, 19) , also was implicated in TCR-induced T cell activation (20) (21) (22) (23) (24) (25) (26) . Shc is a Zap-70 substrate, is phosphorylated at tyrosine residues, and forms a complex with Grb2 after TCR stimulation (22, 24) . This ShcGrb2 complex formation leads to enhanced association of Grb2 and SOS, a GDP-GTP exchanger for Ras (23) . Expression of mutant forms of Shc blocks TCR-induced signal transduction (20, 21, 26) , and glycolipid-enriched microdomain-targeted expression of Shc leads to the enhancement of TCR signals (25) . However, the specific function of Shc in TCR activation is yet to be determined.
IL-2 is an essential lymphokine for T cell growth and immune regulation (27) . Its expression mechanism has been studied extensively, and several transcription factors including NF-AT, AP-1, and NF-B have been identified as major regulators (28) . NF-AT is activated mainly by a Ca 2ϩ -dependent protein phosphatase, calcinuerin (29) . The increase of intracellular calcium activates this phosphatase and induces nuclear translocation of NF-AT. AP-1, which consists of two transcription factors, Fos and Jun, is another key component for activation of the IL-2 promoter. AP-1 binding sites are found in juxtaposition to NF-AT and NF-B binding sites, and it has been shown that NF-AT and AP-1 function in a cooperative manner (30) . Binding sites for NF-B, a group of transcription factors involved in the regulation of many genes (31) , are found in the IL-2 promoter region, and members of the NF-B family, RelA and c-Rel, are activated by TCR stimulation (27, 31) . Transgenic mice expressing the dominant active form of the inhibitor of NF-B, IB␣, have been established, and it was demonstrated that inhibition of NF-B results in severe suppression of lymphokine production (32) . Moreover, c-Rel knockout mice have been generated, and it has been shown that the absence of c-Rel expression impairs TCR-induced production of IL-2 and other cytokines (33) (34) (35) (36) . In this report, we present data from experiments using J.SL1 cells, a Shc loss mutant of Jurkat cells, and demonstrate that Shc is required for activation of c-Rel and plays an essential role for IL-2 production.
PD98059, anti-phospho-ERK, anti-phospho-p38, and antiphospho-c-Jun N-terminal kinase were from New England Biolabs), and phorbol 12-myristate 13-acetate (PMA) and ionomycin from Calbiochem.
Cell Stimulation, Immunoprecipitation, Western Blot, and Gel Shift Assay. For Western blot and Ca 2ϩ assays, cells were stimulated with soluble C305 (1 mg͞ml) purified from ascites fluid. PMA was used at 10 ng͞ml. Ionomycin was used at 1.0 M. For IL-2 production and fluorescence-activated cell sorter (CD69 and CD25 expression) and Northern blot analyses, cells were stimulated with plate-coated C305 (coating conditions: C305 in PBS at 0.3 g͞ml for 3 h at room temperature or overnight at 4°C). The conditions of lysis buffer, immunoprecipitation, and Western blot were described elsewhere (38) . For nuclear extracts, samples were prepared according to the procedure reported previously (39) . The oligonucleotide corresponding to the NF-IL-2B site (5Ј-gtttaaagaaattccaaagagtcatcagaagagg-3Ј; ref. 40) was used as the probe for the gel shift assay. The binding reaction with the antibody was carried out according to the protocol suggested by the manufacturer.
Reporter and Expression Constructs. NF-AT luciferase was obtained from G. Crabtree (Stanford University, Stanford, CA). AP-1 luciferase was from Takara (Shiga, Japan) and modified by inserting four sites of 12-O-tetradecanoylphorbol-13-acetate response elements (TGAGTC) into the original construct. NF-B luciferase was from J. Fujisawa (Kansai Medical University, Osaka). IL-2 luciferase was constructed by inserting luciferase cDNA into the first exon of the IL-2 gene at the translation initiation site. The construct contains the region spanning 2 kb 5Ј from exon 1 to the 3Ј end of exon 3. Analysis, and IL-2 Assay. Luciferase assays were carried out by using assay kits from Promega using the conditions described (9) . Each reporter construct was transfected with a cytomegalovirus promoter-driven expression construct for Renilla luciferase or a simian virus 40 promoter-driven ␤-galactosidase gene. Transfection efficiency was adjusted by the activity of ␤-galactosidase or Renilla luciferase. The fold induction for each sample was normalized to an unstimulated Jurkat sample. Fluorescenceactivated cell sorter analysis was carried out by using a FACScan (Becton Dickinson). The IL-2 assay was carried out by using kits from R & D Systems.
Northern Blotting. Northern blotting was carried out by using 10 g of total RNA as described (43) . Total RNA for c-fos blots was isolated from cells cultured for 2 h with or without anti-TCR stimulation. For IL-2 blots, total RNA was isolated from cells cultured for 16 h. The cDNA for shc was from N. Gotoh (Institute of Medical Science, University of Tokyo, Tokyo). IL-2 cDNA was from T. Taniguchi (University of Tokyo, Tokyo), and c-fos cDNA was from Health Science Research Resources Bank (Osaka). The cDNA fragment for G3PDH (glyceraldehyde-3-phosphate dehydrogenase) was purchased from CLONTECH. Ca 2؉ Assay. Cells were loaded with Fura-2 acetoxymethyl ester (Dojindo, Kumamoto, Japan), and the level of Ca 2ϩ was determined on the basis of the ratio between fluorescence from excitation at 340 nm to that from excitation at 380 nm by using a spectrofluorometer RF1500 (Shimadzu).
Results

Expression of Shc Is Required for Induction of IL-2 but Not CD69͞CD25.
While screening Jurkat cells transfected with the Shc mutant expression construct, we found a cell line that no longer expressed Shc protein (J.SL1; Fig. 1A ). The p52 and p46 forms of Shc, derived from the same gene but with different translation initiation sites (18), both were undetectable by Western blotting of J.SL1 lysates. Other molecules involved in the TCR signaling pathway were expressed at the same level between Jurkat and J.SL1 cells (Fig. 1 A) . J.SL1 and Jurkat cells expressed the surface TCR complex at the same level (data not shown). Northern blot analysis showed that the lack of Shc protein expression is caused by the absence of Shc transcripts (Fig. 1B) .
To test the functional consequence of the loss of Shc, IL-2 production induced by TCR stimulation was compared between Jurkat and J.SL1 cells. Treatment of Jurkat cells with the plate-coated anti-TCR antibody (C305) induced a significant level of IL-2 secretion, whereas the same treatment of J.SL1 cells induced a minimum amount of IL-2 ( proximal signaling events. In contrast, activation-induced surface antigens such as CD25 (IL-2 receptor ␣ chain) or CD69 were expressed to equivalent levels in activated Jurkat and J.SL1 cells (Fig. 1D) . Additionally, engagement of TCR increased intracellular Ca 2ϩ levels in J.SL.1 cells in a manner indistinguishable from Jurkat cells (Fig. 1E) .
To test whether loss of IL-2 production by J.SL1 cells is caused by a loss of Shc expression, we transfected J.SL1 cells with the expression construct for wild-type Shc and established stable cell lines. J.MAK14, one of these transfectants, expressed Shc protein at an equivalent level to Jurkat cells ( Fig. 2A) . As shown in Fig. 2B , J.MAK14 responded to anti-TCR stimulation and produced IL-2 at nearly equivalent levels to Jurkat cells. We then measured IL-2 mRNA levels in the three cell lines by using Northern blotting (Fig. 2C) . mRNA for IL-2 was not detectable from TCR-stimulated J.SL1 cells, whereas stimulated Jurkat and J.MAK14 cells expressed IL-2 mRNA at equivalent levels. To determine the cause of loss of IL-2 production by J.SL1, we first examined tyrosine phosphorylation of signaling molecules. Jurkat and J.SL1 cells were stimulated with anti-TCR antibody (C305) for 5 min, and signaling molecules were isolated from cell lysates. As shown in Fig. 3A , equivalent amounts of tyrosine phosphorylation were observed in Jurkat and J.SL1 cells for Vav, PLC␥-1, Cbl, LAT, and SLP76. Each immunoprecipitate contained equivalent amounts of protein as confirmed by Western blot analysis (data not shown).
We next tested activation of MAPK (ERK1 and ERK2). Shc is involved in activation of MAPK via Ras activation in the signaling pathway for the receptor type tyrosine kinases (44) . In T cells, MAPK is also known to play a critical role in the production of IL-2 (45). Thus, one potential cause of loss of IL-2 production by J.SL1 cells is impairment of MAPK activation. To test this hypothesis, phosphorylation and activation of MAPK (ERK1 and ERK2) were examined in TCR-stimulated Jurkat, J.SL1, and J.MAK14 cells (Fig. 3B, Left) . TCR stimulation of Jurkat cells induced rapid activation of MAPK. In contrast, the level of phosphorylation and activation of ERK1 and ERK2 were reduced significantly in stimulated J.SL1 cells. Activation of other members of the MAPK family, p38 and c-Jun N-terminal kinase, appeared normal in J.SL1 cells as indicated by the levels of phosphorylation of p38 and c-Jun (Fig. 3B, Left, Bottom) . In vitro kinase assays of MAPK using Elk1 as substrate also confirmed that activation of ERK1 and ERK2 were impaired in J.SL1 cells (Fig. 3B Right) . Activation of MAPK was restored in J.MAK14 cells to the level observed in Jurkat cells (Fig. 3B  Right) .
We next tested whether loss of IL-2 mRNA production in activated J.SL1 cells is caused by impaired activation of MAPK. First, the promoter activity of the IL-2 gene in J.SL1 cells was examined. An IL-2-luciferase reporter construct was transfected into Jurkat and J.SL1 cells. As shown in Fig. 3C , TCR stimulation of Jurkat cells induced more than a 10-fold increase of luciferase activity, whereas only a minimal increase was observed in stimulated J.SL1 cells. Next, we cotransfected J.SL1 cells with the reporter gene and an expression construct for wild-type MEK, a mitogen-activated protein kinase kinase, or the activated form of MEK (MEK⌬SESE; ref. 41 ). Cells were stimulated with anti-TCR antibody 16 h after transfection, and the luciferase activity was compared. As shown in Fig. 3D , TCR engagement on J.SL1 cells transfected with the vector alone or with the construct for wild-type MEK showed no induction of promoter activity over the unstimulated samples. In contrast, when the active form of MEK was transfected, anti-TCR stimulation of J.SL1 cells greatly enhanced IL-2 promoter activity. This result demonstrates that the active form of MEK in J.SL1 cells is able to partially restore the signal required for IL-2 production and suggests that MAPK is involved in the downstream signaling process of Shc.
Loss of Shc Caused Impairment of NF-B Activation but Not AP-1͞
NF-AT Activation. Next we examined the activity of transcription factors that are regulated by the presence of Shc. It has been shown that activation of MAPK induces c-Fos expression (46) . c-Fos binds to Jun to form the AP-1 transcription complex. There are several binding sites for AP-1 in the IL-2 promoter including composite binding sites with NF-AT. These sites are indispensable for NF-AT activity (28) . Thus, we compared c-fos induction by TCR between Jurkat and J.SL1 cells. Surprisingly, TCR stimulation of J.SL1 cells induced c-fos mRNA expression equally as well as the wild-type Jurkat cells (Fig. 4A) . The activity of AP-1-dependent transcription also was equivalent between Jurkat and J.SL1 cells (Fig. 4B) . Furthermore, NF-ATdependent transcription in the two cell lines was induced to almost identical levels by stimulation with a limiting amount of anti-TCR antibody (Fig. 4C) . These data indicate that loss of Shc caused the defect in IL-2 production by impairment of elements other than c-Fos or NF-AT.
One of the known transcription factors involved in IL-2 gene expression is the NF-B transcription factors (28) . To test whether NF-B function is impaired in J.SL1, transcriptional activity from the NF-B family consensus binding sequence was tested for stimulated and unstimulated J.SL1 cells. As shown in after stimulation. In contrast, TCR stimulation induced almost no increase in nuclear localization of c-Rel in J.SL1 cells (Fig. 5  B and C) . In a clear correlation with IL-2 expression, stimulation of J.MAK14 cells led to an increase of c-Rel in the nucleus at a level comparable to Jurkat cells and with the same kinetics ( Fig.  5 B and C) . When Jurkat and J.SL1 cells were treated with PMA to bypass proximal signaling events, c-Rel nuclear localization was induced to the same levels in both cell lines (Fig. 5D) . Loss of c-Rel activation in J.SL1 cells also was confirmed by using a gel supershift assay. As shown in Fig. 5E , nuclear extracts mixed with the anti-c-Rel antibody showed a band (indicated by the darkened arrow) induced in activated Jurkat cell extracts but not in unstimulated Jurkat or stimulated͞unstimulated J.SL1 cell extracts.
Expression of c-Rel Fusion Protein with ER Restores the Ability of IL-2
Production by J.SL1 Cells. To test whether loss of c-Rel activation causes impairment of IL-2 production by J.SL1 cells, a c-Rel-ER fusion protein (ref. 42 ; Fig. 5F ) was expressed transiently in J.SL1 cells. This fusion protein stabilizes and translocates into the nucleus when estrogen is present in the culture medium as shown in Fig. 5G . When J.SL1 cells were transfected with the expression construct and stimulated with anti-TCR antibody, a significant level of IL-2 promoter activity was observed only in the presence of estrogen (Fig. 5H) . Activation of the IL-2 promoter was not observed when transfectants were treated with anti-TCR alone or with estrogen alone. These results show that c-Rel nuclear translocation can rescue the impaired IL-2 gene expression in J.SL1 cells and that c-Rel is a downstream transcription factor in the signaling pathway of Shc.
Discussion
This study shows that Shc plays a limited but essential role in IL-2 production. Loss of IL-2 production by J.SL1 cells is caused, at least in part, by impairment of MAPK and c-Rel activation. In these cells, TCR-induced activation of MAPK and c-Rel was impaired severely, and expression of the active form of MEK and activation of c-Rel-ER fusion protein restored the activity of the IL-2 promoter.
Although ERK activation is reduced, there is sufficient activity to induce activation of transcription factors (NF-AT and AP-1) and expression of surface antigens (CD25 and CD69). This activation is likely caused by a signal that goes through LAT. However, for the production of IL-2, another signaling pathway that involves Shc apparently is required, and ERK and c-Rel are in the downstream of the pathway. The phenotypic resemblance between J.SL1 and T cells from c-rel knockout mice also supports this model (33) (34) (35) (36) . Moreover, nuclear localization of c-Rel was blocked completely by treatment of wild-type Jurkat cells with an MEK inhibitor, PD98059 (T.K., H.Y., Y.H., A. Fukushima, and M.I., unpublished data). The amount of PD98059 required for blocking c-Rel translocation was equivalent to that required for inhibition of IL-2 production. These data indicate that the combination of LAT-and Shc-dependent ERK activation is required for a sufficient signal to induce IL-2 expression.
The question remains as to what the differences are between LAT-and Shc-mediated ERK activation. In the thymus, negative-and positive-selecting peptides were shown to induce different patterns of ERK activation (47) (48) (49) (50) (51) . Negatively selecting peptide induces a strong but short ERK activation, whereas positively selecting peptide induces a long-lasting but less prominent ERK activation, which could be caused by two different ERK activation pathways involving LAT and Shc. In the LAT signaling pathway, it has been shown that the PLC␥-1 binding site is critical for Ras activation (52, 53) , which strongly suggests that RasGRP plays a major role in Ras activation downstream of LAT (54) . In contrast, the Shc-Grb2 complex enhances binding between Grb2 and SOS, indicating that Shc can activate Ras via SOS (23) . In the absence of LAT, the Shc-Grb2 complex is induced normally by TCR stimulation, and sustained Ras activation also is observed at a reduced level (M.T., Y.H., A. Fukushima, J.-W. Chang, and M.I., unpublished data). These two Ras activators could act differently in terms of their kinetics as well as their targets via different scaffold proteins (55, 56) . Alternatively, quantitatively stronger activation obtained by a combination of the two pathways with LAT and Shc may lead to phosphorylation of rare or minor substrates that are required for IL-2 production.
Similar requirements of ERK activation were observed previously in neuroblastoma PC12 cells (57) . With epidermal growth factor (EGF) stimulation, PC12 cells proliferate without differentiation. In contrast, stimulation of PC12 cells with nerve growth factor (NGF) leads to differentiation of this cell line. Both NGF and EGF induced ERK activation, but activation of ERK by NGF was much stronger and more sustained when compared with EGF stimulation. Thus, ERK activation seems to be partly responsible for the functional difference between the two receptors.
It has been demonstrated that TCR-induced activation of NF-B requires the presence of PKC (58, 59) . Although c-Rel and RelA both are controlled by similar mechanisms involving I-B, they behave differently with TCR stimulation (28) . RelA nuclear translocation can be observed as early as 15 min after stimulation, whereas it takes 3-4 h for c-Rel to translocate into the nucleus. Here we demonstrate that in the absence of Shc, nuclear translocation of RelA but not of c-Rel is induced by TCR stimulation. These data indicate that Shc provides the signal required for c-Rel activation in addition to that transduced by PKC.
Unlike previous reports (20) , the data presented here show that Shc is dispensable for AP-1 and NF-AT activation by TCR. This contradiction could be because of different experimental systems. Engagement of TCR induces LAT tyrosine phosphorylation, and the tyrosine-phosphorylated form of LAT forms a complex with Grb2 and Gads (10) (11) (12) (13) . Binding of these molecules is critical for recruitment of SLP-76, which is essential for the activation of PLC␥-1 (60, 61) . Overexpression of Shc mutants potentially competes with LAT for Grb2-Gads binding and inhibits the pathway leading to activation of AP-1 and NF-AT. It also could compete to inhibit phosphorylation of ZAP-70 substrates such as LAT and SLP-76, because Shc is a direct substrate of ZAP-70 (ref. 24 ; M.T., Y.H., A. Fukushima, J.-W. Chang, and M.I., unpublished data).
A controversial issue regarding Shc involvement in TCR signaling is how it is recruited to the activated TCR complex (62) . It has been shown that the affinity of the Src homology 2 domain of Shc to the phosphorylated ITAM is much lower that that of ZAP-70. In this regard, our recent finding that Lck and Shc form a stable complex provides a compelling explanation (M.T., Y.H., A. Fukushima, J.-W. Chang, and M.I., unpublished data). The complex can provide a direct connection between TCR and Shc at the site of activated TCR.
It has been reported that c-Rel is capable of up-regulating AP-1 activity in T cells (63) . In J.SL1 cells, although c-Rel activation is impaired greatly, loss of Shc did not affect AP-1 activation. One explanation is that c-Rel and RelA have a redundant function in activating AP-1, and thus loss of c-Rel activation in J.SL1 cells did not affect the AP-1 activity, but overexpression of c-Rel can enhance it. This function of c-Rel may play a critical role in certain T cell activation processes, although it may not be critical for IL-2 gene activation.
In summary, this study demonstrates that Shc is an essential molecule that connects TCR stimulation and IL-2 gene expression by activation of ERK and nuclear localization of c-Rel.
